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ABSTRACT: Structural competition between the G-quadruplex, the I-motif, and the Watson-Crick duplex
has been implicated for repetitive DNA sequences, but the competitive mechanism of these multistranded
structures still needs to be elucidated. We investigated the effects of sequence context, cation species,
and pH on duplex formation by the G-quadruplex of dG3(T2AG3)3 and its complement the I-motif of
d(C3TA2)3C3, using ITC, DSC, PAGE, CD, UV, and CD stopped-flow kinetic techniques. ITC and PAGE
experiments confirmed Watson-Crick duplex formation by the complementary strands. The binding
constant of the two DNA strands in the presence of 10 mM Mg2+ at pH 7.0 was shown to be 5.28× 107

M-1 at 20°C, about 400 times larger than that in the presence of 100 mM Na+ at pH 5.5. The dynamic
transition traces of the duplex formation from the equimolar mixture of G-/C-rich complementary sequences
were obtained at both pH 7.0 and pH 5.5. Fitting to a single-exponential function gave an observed rate
of 8.06× 10-3 s-1 at 20°C in 10 mM Mg2+ buffer at pH 7.0, which was about 10 times the observed
rate at pH 5.5 under the same conditions. Both of the observed rates increased as temperature rose, implying
that the dissociation of the single-stranded structured DNAs is the rate-limiting step for the WC duplex
formation. The difference between the apparent activation energy at pH 7.0 and that at pH 5.5 reflects the
fact that pH significantly influences the structural competition between the G-quadruplex, the I-motif,
and the Watson-Crick duplex, which also implies a possible biological role for I-motifs in biological
regulation.

DNA quadruplexes, which are stabilized by cyclic Hoog-
steen hydrogen bonding of four guanines, have generated
considerable attention during the past few decades because
they are important molecules in drug design (1, 2) and a
potential structural motif adopted by the chromosome te-
lomeres (3, 4), immunoglobulin switch regions (5-7),
regulatory regions of oncogenes (8), and other biological
systems (9, 10). G-quadruplex formation has been shown in
vitro to inhibit the elongation of telomerase, which is an
enzyme essential for the immortalization of tumor cells (11).
Recently, a chair-form intramolecular G-quadruplex structure
has been proved to suppress the transcriptional activation of
the c-myconcogene (12). Accompanied by ever-increasing
discoveries of G-quadruplex related proteins, such as human
DNA topoisomerase I (13), BLM (14) and WRN (15)
proteins1 in the RecQ family of helicases, SV40 large tumor

antigen helicase (16), and so forth, which not only recognize
but also manipulate the formation and the disintegration of
G-quadruplexes, biological roles are strongly suggested for
this DNA structure in gene regulation. The G-quadruplex is
also seen as a promising target for anticancer drug design
(17). Thus, investigation of the structural competitive mech-
anism between the G-quadruplex and the Watson-Crick
(WC) duplex is fundamental for elucidating how alternative
DNA structures with biological implications form.

C-rich strands can, themselves, also form a self-associated
structure, the I-motif, intercalated by two parallel duplexes
built of hemiprotonated cytidine-cytidine base pairs in
antiparallel orientation (18-20). The detection of a protein
from vertebrate nuclear extracts that binds specifically to
C-rich sequences (21) suggests the possible biological
relevance of the I-motif, although the evidence is weaker
than that for its role in complementing the G-quadruplex.

A number of small molecular ligands have been shown
to have structurally specific recognition for the G-quadruplex
and the I-motif. For instance, Hurley’s group has reported a
series of small ligands that may not only recognize the
G-quadruplex through inside intercalation between tetrads
(22), or outside-stacking interactions (23), but also induce
transition from the duplex to the quadruplex (24). Mergny’s
group also showed potent small ligands that may stabilize
the G-quadruplex and the I-motif, rather than their WC
duplex (25, 26). Moreover, interference of the self-associated
G-quadruplex or I-motif with formation of the duplex and
the triplex has been reported (27-31). In attempting to
understand the effects of this wide variety of structurally
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specific ligands, as well as the transition competition between
alternative structures and the WC duplex, there arise some
elusive questions about the intrinsic interaction mechanism
of the G-quadruplex and its complement I-motif. What is
typical of the original interaction between the G-quadruplex
and the I-motif under conditions without ligands? What kinds
of factors dominate the structural competitive equilibrium?
Does the C-rich complement play a role in the structural
competition? What are the rates and kinetic mechanisms
involved in the formation of a duplex in the mixture of self-
associated quadruplexes? To attempt to answer these ques-
tions, we studied the interactions of the monomolecular
G-quadruplex dG3(T2AG3)3 and its complement I-motif
d(C3TA2)3C3 using CD, UV, PAGE, DSC, and ITC. The
binding constant of these two sequences showed that the
competitive equilibria depend significantly on the cation
species and pH. Also, for the first time, kinetic characteristics
of the duplex formation in the mixture of the G-quadruplex
and the I-motif were investigated using CD stopped-flow
techniques. Comparison of the temperature-dependency of
the observed rate at pH 7.0 with that at pH 5.5 implied a
possible biological role for the I-motif apart from its role as
the complement of the G-quadruplex. Kinetic analysis
revealed insights into the structural competitive mechanism
between the G-quadruplex, the I-motif, and the WC duplex.

MATERIALS AND METHODS

Materials.DNA oligonucleotides shown in Figure 1a were
purchased from Espec Oligo Service Corp. (Japan) and then
purified by reverse-phase HPLC. The final purity of the
oligonucleotides was confirmed to be>99%. Single-strand
concentrations were determined by measuring the absorbance
(260 nm) at a high temperature using a Hitachi U-3210
spectrophotometer connected to a Hitachi SPR-10 thermo-
programmer. Single-strand extinction coefficients were cal-
culated from mononucleotide and dinucleotide data using a
nearest-neighbor approximation (32). The different DNA
strands were mixed in equimolar amounts, and the total
species concentrations were estimated by averaging the
extinction coefficients of the single strands. All measure-
ments were performed in a buffer solution consisting of 50
mM MES at pH 7.0 or 50 mM Tris-acetate at pH 5.5. The
ionic strength of the buffer was adjusted by the addition of
the appropriate salt.

CD Studies.The typical bands in the CD spectra show
fundamental characteristics for distinguishing the DNA
structure of the G-quadruplex, the I-motif, or the duplex.
CD spectra were recorded on a JASCO J-820 spectropola-
rimeter equipped with a PTC-423L temperature controller.
For each sample, at least four spectral scans were ac-
cumulated over a wavelength range of 190-350 nm and a
temperature range of 0-90 °C in a 0.1 cm path length cell
at a scanning rate of 20 nm/min. The scan of the buffer alone
was subtracted from the average scan for each sample. CD
spectra were collected in units of millidegrees versus
wavelength and normalized to the total species concentra-
tions. The cell-holding chamber was flushed with a constant
stream of dry nitrogen to avoid water condensation on the
cell exterior.

UV Thermal Denaturation Studies.UV thermal denatur-
ation profiles are sensitive to the structural transition of

nucleic acids. UV melting curves were recorded with a
Hitachi U-3210 spectrophotometer equipped with a Hitachi
SPR-10 thermoprogrammer. The water condensation on the
cuvette exterior in the low-temperature range was avoided
by flushing with a constant stream of dry nitrogen. Melting
curves were collected by measuring UV absorbance as a
function of temperature. The heating rates were set as 0.5
or 1.0 °C/min (33). Prior to the sample experiments, all
samples were annealed and degassed by heating the sample
cuvette to 90°C for 10 min and then cooling to 0°C at 1.0
°C/min. The samples were then allowed to stabilize for about
20 min at the beginning temperature of each heating-cooling
cycle. The thermodynamic parameters of the van’t Hoff
enthalpy (∆H°VH), the entropy (∆S°), and the free energy
change (∆G°) for the WC duplex formation were calculated
from the melting curves using a curve fitting (34, 35) as
well as the reciprocal of the melting temperature,Tm

-1, versus
ln(Ct/4) (36).

DSC Experiments.DSC also can be used to detect the
thermally induced structural transitions in oligonucleotides.
DSC experiments were performed on a MicroCal VP-DSC
microcalorimeter. Prior to scanning, the buffer and the
samples were vacuum-degassed. Buffer was scanned versus
buffer cells to determine the baseline of instrumental
variation between the cells of the calorimeters before DNA
sample versus buffer scans were collected. For each DNA
sample, eight scans were collected from 5 to 95°C at a rate

FIGURE 1: (a) Oligonucleotide sequences used in this study. (b)
Scheme of the mechanism for duplex formation in the mixture of
the G-quadruplex of SG1 and the I-motif of SC1.
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of 1 °C/min. The resulting sample versus buffer scans
collected for each sample were averaged, the buffer versus
buffer baseline was subtracted, and then the scans were
normalized by strand concentration and sample volume to
obtain the excess heat capacity (∆Cp). Calorimetrical en-
thalpy (∆H°cal) and entropy (∆S°) were calculated by direct
integration of the peak observed in the excess heat capacity
profiles (37).

PAGE.Native PAGE measurements were carried out using
fluorescein-labeled oligonucleotides in 0.089 M Tris-borate
buffers (pH 7.0) and 5 mM Tris-acetate buffers (pH 5.5).
The same buffer was used in the polymerization of the
acrylamide for the relevant gels. The 5′-ends of the oligo-
nucleotide strands were labeled with fluorescein isothio-
cyanate and annealed by heating the samples to 90°C for 5
min, cooling to 4°C, and holding at this temperature for
several hours. Electrophoresis was carried out using 20% or
16% acrylamide [29:1 acrylamide/bis(acrylamide)] at 4 V/cm
and 4°C in a total oligonucleotide concentration of 2.0µM.
The fluorescence intensity of each band in the native PAGE
images was determined using a Fluor-S MultiImager system
(Bio-Rad Laboratories, U.S.A.). The fraction of the duplex,
f, was then calculated from the band intensities ofIsG, IsI,
and Ids for the G-quadruplex, the I-motif, and the duplex
oligonucleotides, respectively, using the equationf ) Ids/
(Ids + IsG + IsI).

ITC Experiments.ITC measurement can be used to
determine the binding constant and the interaction stoichi-
ometry of two complementary sequences. The heat on mixing
a G-strand with its complement was measured using a
Microcal VP-ITC titration calorimeter. A 250µL syringe
was used for the titratant, and complete mixing was ac-
complished by stirring with the syringe paddle at 310 rpm.
Typically, titration was carried out by injecting 5µL ali-
quots of a 30µM SC1 solution into a 2.0µM SG1 solution
at 10 min intervals at 20°C for a total of 50 injections.
Titration curves were corrected for heat of dilution by
injecting the oligonucleotide into the buffer. The resultant
titration plot was fitted to a sigmoidal curve by a nonlinear
least-squares method using Origin 5.0 (Microcal Software).
The binding constantKa, the stoichiometryN, and the
enthalpy change∆H° were obtained from the curve fitting
(38). The Gibbs free energy change∆G° and the entropy
∆S° were calculated from the equation∆G° ) -RT ln Ka

) ∆H° - T∆S°.
Stopped-Flow Kinetic Experiments. The CD stopped-flow

kinetic measurements were performed using a JASCO J-820
spectropolarimeter equipped with a Unisoku (Japan) two-
reservoir cell holder. Temperature was monitored (within
(0.1°C) using an attached circulating water bath. After rapid
mixing of equal volumes of a 50µM SG1 solution and a 50
µM SC1 solution, the time course of the CD spectrum was
recorded in units of millidegrees at the selected wavelength.
Data sets from five or six experiments performed under
identical conditions were averaged. The averaged data were
fitted to appropriate equations using Igor software (Wave-
Metrics Inc., U.S.A.).

Figure 1b shows a scheme of the duplex formation from
a mixture of the G-quadruplex of SG1 and the I-motif of
SC1 (herein designated as SG1-SC1). Because the concen-
tration of cation is a large excess over that of the DNA
strands, the differential equations describing the time-

dependence of [G], [I], and [D] are given in eqs 1, 2, and 3,
respectively,

where [G], [I], and [D] are the concentrations of the
G-quadruplex, the I-motif, and the WC duplex, respectively;
k1 andk-1, andk2 andk-2 are the folding rate constant and
the unfolding rate constant for the G-quadruplex and for the
I-motif, respectively;k3 is the association rate constant; and
k-3 is the dissociation rate constant for the WC duplex
formation.

Association of the SG1 and the SC1 leading to duplex
formation gave a decrease in the CD intensity at the
wavelength where the typical bands of the G-quadruplex and
the I-motif were located, as well as an increase in the CD
intensity at 265 nm, corresponding to the WC duplex.
Because the association rate of the duplex is fast and the
I-motif is less stable at pH 7.0, the observed rates in the
mixture of the G-quadruplex and the I-motif should cor-
respond to the rate-limiting step, the dissociation of the
single-stranded G-quadruplex. When the intermediates are
unstable and are expected to be present in low amounts
compared with those of the structured single-strand DNA
reactants or the WC duplex product, we can rewrite eq 1 as
pseudo-first-order kinetics, eq 4, whereθ indicates the CD
intensity,

RESULTS AND DISCUSSION

Conditions Forming the WC Duplex from Structured
DNAs.Formation of the WC duplex by the DNA strands,
SG1 and SC1, and SG2 and SC2, was investigated. As shown
in Figure 1a, SG1 and SC1 are the model oligonucleotides
derived from a tandem repetitive G-/C-rich sequence of the
human telomeres (39). The contiguous guanine strand forms
planar G-quartets with loops (Figure 1b). Sequences of SG1
and SG2, that is, dG3(T2AG3)3 and dG3(A3G3)3, are similar
to each other except for the two-residue replacement from
T to A in the loop region, and vice versa for the comple-
mentary C-rich sequences of SC1 and SC2. Our previous
study revealed that cation species and pH might affect duplex
formation in the mixture of an intramolecular G-quadruplex
of SG1 and an I-motif of SC1 (40). To clarify the mechanism
of the duplex formation by the structured DNA strands, we
first performed isothermal titration calorimetry (ITC) on the
formation of the WC duplex by SG1 and SC1.

Figure 2a shows the ITC profiles for the association of
SG1 with SC1. Reactions in 10 mM Mg2+ and in 100 mM
Na+ at pH 7.0 produced substantial heat while titration in
100 mM Na+ at pH 5.5 gave less. Thermodynamic param-
eters were calculated from the titration plots as a function
of the molar ratio of the two DNA strands, although

d[G]
dt

) k1[SG1] - k-1[G] (1)

d[I]
dt

) k2[SC1] - k-2[I] (2)

d[D]
dt

) k3[SG1][SC1]- k-3[D] (3)

dθ
dt

∝
d[G]
dt

) k-1[G](k1[SG1]

k-1[G]
- 1) ≈ -k-1[G] (4)
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thermodynamic parameters at pH 5.5 could not be derived
because of the lower ITC response. A typical ITC profile
for the interaction between SG1 and SC1 in 100 mM Na+

at pH 5.5 and 20°C was showed in Figure S1 in the
Supporting Information. Table 1 summarizes the thermody-
namic parameters for SG1-SC1 duplex formation obtained
from the ITC experiments. At pH 7.0, the binding stoichi-
ometry between SG1 and SC1 was approximately 1:1 in the
presence of magnesium ion and also in the presence of
sodium ion. This observation supports the preference for
duplex formation at pH 7.0 in the mixture of structured
DNAs, that is, the G-quadruplex of SG1 and the I-motif of
SC1. TheKa at 10 mM Mg2+ (pH 7.0) was 4 times larger
than that at 100 mM Na+ (pH 7.0) and about 100 times larger
than that at 100 mM Na+ (pH 5.5), which indicates that acidic
pH lessens duplex formation. The magnitude of the negative
∆H°ITC value in the magnesium buffer was 1.4 times that in
the sodium buffer at pH 7.0. Both results are consistent with
our previous observation that magnesium ion stabilizes the
WC duplex but destabilizes the G-quadruplex (40). More-
over, according to the DSC results for the double-stranded
system SG1-SC1, the excess heat capacity profile clearly
shows a deterioration of WC duplex formation in 100 mM
Na+ at pH 5.5 (Figure 2b), and the calorimetric enthalpy

obtained from the DSC profiles also shows destabilization
of the duplex at acidic pH (Table 1). Figure 2b indicated
that the DSC profile of the double-stranded SG1-SC1 at
100 mM Na+ and pH 7.0 was not a standard symmetric band
corresponding to only one simple structural transition, but a
complex band with a broad base and a narrow peak. At 10
mM Mg2+ and pH 7.0 the DSC profile showed a relatively
symmetric curve compared with that at 100 mM Na+,
because the magnesium ion made the G-quadruplex desta-
bilized. As pH was lowered to 5.5, the I-motif of SC1 was
stable and the DSC profile at 100 mM Na+ and pH 5.5
appeared as a more complex band with a larger width at its
bottom. This one-peak complex DSC profile further con-
firmed that the structural transitions of the single-stranded
SG1 and SC1 were associated with that of the duplex SG1-
SC1. On the other hand, Scaria and Shafer have reported a
similar one-peak complex DSC profile for another comple-
mentary sequences of d(G3A4G3)‚d(C3T4C3) (41).

An electrophoretic mobility shift assay for the two-stranded
SG1-SC1 system gave results in accord with the ITC and
DSC data. Figure 3a and b shows the native PAGE images
for the mixture of SG1 and SC1 with various molar ratios
in 100 mM Na+ buffer at pH 5.5, and in 10 mM Mg2+ at
pH 7.0. At 100 mM Na+ and pH 5.5, each lane revealed a
dominant band assigned to the WC duplex competing with
the unimolecular structures of the G-quadruplex and the
I-motif. As for the case in 10 mM Mg2+ and pH 7.0, there
still existed a tiny shadow area around the position of self-
associated unimolecular structures besides the duplex band
in the equimolar mixture of SG1 and SC1. Figure 3c
presented plots of the fraction of the duplex determined from
the PAGE images as a function of the molar ratio of SC1/
SG1 under different buffer conditions. At pH 7.0 the fraction
of the WC duplex reached a maximum as the molar ratio of
SC1/SG1 approached unity, whereas the duplex fraction at
pH 5.5 showed less dependence on the ratio of SC1/SG1.
This result is consistent with the relative trend of interaction
between SG1 and SC1 under different buffer conditions, as
observed by ITC. The decrease in the fraction of the WC
duplex as pH decreased from 7.0 to 5.5 suggests that the
I-motif formation of SC1 at acidic pH plays a substantial
role in the structural transition toward the duplex. The
structural transition in the two-strand SG1-SC1 system was
assumed to be as illustrated in Figure 1b.

As a contrastive two-stranded system, duplex formation
from a G-rich strand SG2 and its complementary C-rich
sequence SC2 was also investigated. The native PAGE
images showed only one band for an equimolar mixture of
SG2 and SC2 in the presence of magnesium ion as well as
in the presence of sodium ion (data not shown), which
indicated that the WC duplex overwhelmed the self-associat-
ing structures of the single strands in the equimolar mixture
of SG2-SC2. Intriguingly, CD spectra for the SG2-SC2

Table 1: Thermodynamic Parameters for the Duplex Formation by SG1 and SC1 at 20°C Obtained from the ITC and DSC Measurements

cation pH N Ka (M-1) Ka (relative) ∆H°ITC (kcal/mol) ∆G°ITC (kcal/mol) ∆H°cal
e (kcal/mol)

Na+ a 7.0 0.80( 0.01 (1.32( 0.2)× 107 1.0 -95.0( 1.8 -9.52( 1.4 -61.8( 2.6
Na+ b 5.5 ndd (2.90( 2.0)× 105 ∼0.01 ndd ndd -56.6( 2.0
Mg2+ c 7.0 0.82( 0.01 (5.28( 0.8)× 107 4.0 -135( 2.0 -10.3( 1.5 -79.1( 2.4

a 100 mM Na+ (50 mM MES).b 100 mM Na+ (50 mM Tris-acetate).c 10 mM Mg2+ (50 mM MES).d Thermodynamic parameters cannot be
determined accurately because of weak interactions.e Calorimetric enthalpy obtained from DSC.

FIGURE 2: (a) ITC profiles for the duplex formation by mixing the
G-quadruplex of SG1 with the I-motif of SC1 at 20°C. The titration
plots against the molar ratio of SC1/SG1 were done in 100 mM
Na+ (pH 5.5,O), 100 mM Na+ (pH 7.0,9), and 10 mM Mg2+ (pH
7.0,4). (b) DSC profiles for the double-stranded SG1-SC1 in 100
mM Na+ (pH 5.5,O), 100 mM Na+ (pH 7.0,9), and 10 mM Mg2+

(pH 7.0,4).
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system suggest that triplex formation occurred as the molar
ratio of SC2/SG2 increased from 1.0 to 2.0 (Figure 4). For
the SC2-SG2-SC2 system at 10 mM Mg2+ (pH 5.5), a
larger negative peak at 213 nm and a positive peak at 284
nm implied triplex formation through the triplet base pairings
of C+*G‚C (42). The native PAGE images confirmed triplex
formation in the two-strand SG2-SC2 system by targeting
the SG2-SC2 duplex with an excess amount of SC2 (Figure
S2 in the Supporting Information). Similarly, Scaria and
Shafer also reported a triple helix formation by a duplex of
dG3(A4G3)3‚d(C3T4)3C3 with d(C3T4)3C3 at pH 5.3 (41).
Unlike the case of the SG2-SC2 system, we cannot discern
triplex formation for the SG1-SC1 system by targeting the
SG1-SC1 duplex with either additional SG1 or SC1 (Figures
2a and 3a). CD spectra of the SG1-SC1 duplex and the
SC1-SG1-SC1 triplex were similar (Figure 4), indicating
less triplex formation in the mixture of SC1-SG1 and SC1
even at 10 mM Mg2+ and pH 5.5.

The stabilities of the SG1-SC1 and SG2-SC2 duplexes
were compared using the thermodynamic parameters deter-
mined from the UV thermal denaturation profiles, as listed
in Table 2. Taking into consideration the effect of the

imperfect duplex formation (as shown in Figure 3), the
absolute values of the entropy would have a relative
increment of 0.4% at 100 mM Na+ and pH 7.0, 0.3% at 10
mM Mg2+ and pH 7.0, and 0.5% at 100 mM Na+ and pH
5.5, respectively. Consequently, the variation of the entropy
made the corresponding free energy change have a relative
decrease of 2.3% at 100 mM Na+ and pH 7.0, 1.3% at 10
mM Mg2+ and pH 7.0, and 3.0% at 100 mM Na+ and pH
5.5, respectively. Therefore, it is reasonable to neglect the
effect of the duplex fraction on the values of thermodynamic
parameters (as proved in the Supporting Information). The
large disparities of the enthalpy and the entropy obtained
from two different analysis methods, that is, using the plots
of melting temperature against the species concentrations and
using a nonlinear least-squares fitting method, respectively,
indicated that the double-stranded system was not a two-
state-model system and the partial association between the
complementary sequences indeed affected the properties of
the system. The free energy change indicated that the SG2-
SC2 duplex was less stable than the SG1-SC1 duplex in
the presence of magnesium ion, although it was in the SG1-
SC1 system that a distinct structural competition was
observed between the G-quadruplex, the I-motif, and the
duplex. Why is it that the less stable SG2-SC2 duplex can
overwhelm the formation of the G-quadruplex and the
I-motif? What are the important factors that influence the
competitive equilibria besides the thermodynamic stability
of the duplex? To clarify these questions, we investigated
the self-associated structure of each single strand and
certainly proposed interactions of a third strand toward the
SG1-SC1 duplex target.

Effect of the Loop Sequences in the G-Quadruplex and
the I-Motif on the Structural Competition.The CD spectra
in Figure 5 reflect clear structural variations for the G-
quadruplexes that result from residue replacement in the loop
region. Generally, an antiparallel G-quadruplex is character-
ized by a positive band at 295 nm and a negative band near
265 nm (44), while a parallel G-quadruplex has a peak near
270 nm and a negative band around 240 nm (45, 46). CD
spectra in Figure 5a indicated that SG1 formed an antiparallel
G-quadruplex while SG2 seemed to form a parallel G-
quadruplex. Previously we proved that the G-quadruplex of
SG1 was an intramolecular structure (40); however, CD
melting curves for SG2 showed a biphasic transition with
melting temperatures of 21 and 47°C, lower than that of

FIGURE 3: (a) Native 20% PAGE images of the double-stranded
system in 100 mM Na+ buffer (pH 5.5). Lane 1 contains the single-
stranded marker (T21). Lanes 2 and 3 contain SG1 and SC1,
respectively. Lanes 4-10 contain the mixture of SG1/SC1 at molar
ratios of 2:1, 7:4, 6:4, 5:4, 1:1, 3:4, and 1:2, respectively. Lane 11
contains the double-stranded marker (A21/T21). The positions of the
single strand (ss), the duplex (ds), the G-quadruplex (G), and the
I-motif (I) are indicated. (b) Native 20% PAGE images of the
double-stranded system in 10 mM Mg2+ buffer (pH 7.0). Lane 1
contains the single-stranded marker (T21). Lanes 2 and 3 contain
SG1 and SC1, respectively. Lanes 4-10 contain the mixture of
SG1/SC1 at molar ratios of 2:1, 7:4, 6:4, 4:3, 5:4, 1:1, and 1:2,
respectively. Lane 11 contains the double-stranded marker (A21/
T21). (c) Plots of duplex fraction versus the molar ratio of SC1/
SG1 obtained by native PAGE in 100 mM Na+ at pH 5.5 (O), 100
mM Na+ at pH 7.0 (4), and 10 mM Mg2+at pH 7.0 (×).

FIGURE 4: CD spectra in 10 mM Mg2+ buffer at 0 °C for the
double-stranded system of SG2-SC2 with molar ratios for SC2/
SG2 of 1.0 (pH 7.0, dotted line) and 2.0 (pH 5.5, solid line), together
with those for the SG1-SC1 system with molar ratios for SC1/
SG1 of 1.0 (pH 7.0,+) and 2.0 (pH 5.5,O).

11740 Biochemistry, Vol. 42, No. 40, 2003 Li et al.



SG1 (62°C) in the same buffer (Figure 5b). The melting
temperature of the low-temperature transition for SG2 was
dependent on the DNA concentration, whereas that of the
high-temperature transition was independent of the concen-
tration (data not shown). We have done DSC experiments
for SG2 at higher sequence concentrations, of which the
maximal value is up to 110µM. The DSC profiles also
reflected the existence of the low-temperature transition as
well as the high-temperature transition (data not shown).

However, the native PAGE image in Figure 5c only showed
one band for SG2, whose electrophoretic mobility was lower
than that of SG1. As far as the structural polymorphism of
repetitive polypurine sequences is concerned, it is suggested
that SG2 formed not only an intramolecular G-quadruplex
but also somewhat intermolecular structures (46-50), which
needs to be clarified by further investigations.

The G-rich oligomer SG3 contained the same base context
as SG1 but in the opposite strand orientation. Like SG1, SG3
had CD spectra typical of an antiparallel G-quadruplex in
the presence of sodium ion. However, the transition tem-
perature of the SC3 G-quadruplex (40°C) was much lower
than that of SG1, as was the electrophoretic mobility of SG3
(Figure 5).

Both SG2 and SG3 formed less stable G-quadruplexes than
SG1. Therefore, the proposed interaction between SG2 or
SG3 and the duplex SG1-SC1 was investigated in terms of
the antiparallel pur*pur‚pyr triplets of the triplex, including
T*A ‚T, A*A ‚T, and G*G‚C (42, 51). Additionally, the
G-rich strand SG4 was also studied as a third strand because
of its inability to form an intramolecular G-quadruplex. CD
spectra of the related three-strand systems showed no
significant differences from that of the duplex SG1-SC1 in
100 mM Na+ (pH 7.0), except for two broad peaks around
265 and 295 nm in the SG3 and SG1-SC1 mixture (Figure
S3a in the Supporting Information). Although UV melting
curves for these three-strand systems did not show a biphasic
transition that suggested formation of a stable triplex, there
was a decrease in the transition temperature that resulted from
the interaction between the SG1-SC1 duplex and the third
G-rich strand, especially SG3 (Figure S3b in the Supporting
Information). To resolve the interaction between SG3 and
the SG1-SC1 duplex, we investigated the thermal denatur-
ation of the two-strand SG3-SC1. The thermodynamic
parameters for SG3-SC1 were determined as∆H°VH )
-130 kcal mol-1, ∆S° ) -391 cal mol-1 °C1-, and∆G°
(at 37°C) ) -8.81 kcal mol-1 in 10 mM Mg2+ buffer (pH
7.0), using the plots of melting temperature against the
species concentrations (Figure S4 in the Supporting Informa-
tion). On comparison with thermodynamic parameters of the
SG1-SC1 duplex, listed in Table 2, it is obvious that the
SG1-SC1 duplex is much more stable than the SG3-SC1
duplex. The interference of SG3 with the stable SG1-SC1
duplex implies the possibility of invasion of the telomeric
double-stranded part by the G-strand extension.

The C-rich oligomers SC2 and SC3 were studied as the
third strand targeting the of SG1-SC1 duplex at acidic pH
to form triplet base pairs in a pyr*pur‚pyr triplex, including
T*A ‚T, C+*G‚C, and the relatively stable mismatched triplet
base pair G*T‚A (42, 51). The sequence of SC2 differed

Table 2: Thermodynamic Parameters for the SG1-SC1and the SG2-SC2 Duplexes Obtained from UV Melting Curves

calc using the plots of the reciprocal of the
melting temp in the function ln(Ct/4)

calc using a nonlinear
least-squares fitting method

∆H°vH

(kcal/mol)
∆S°

(cal/(mol°C))
∆G°37

(kcal/mol)
∆H°vH

(kcal/mol)
∆S°

(cal/(mol°C))
∆G°37

(kcal/mol)

SG1-SC1
100 mM Na+ (pH 5.5) -73.8( 5.7 -198( 12 -12.5( 0.9 -50.4( 1.5 -129( 4.5 -10.4( 0.2
100 mM Na+ (pH 7.0) -104( 5.7 -282( 16 -17.0( 1.1 -127( 6.4 -347( 19 -18.9( 0.6
10 mM Mg2+ (pH 7.0) -223( 6.6 -620( 19 -30.5( 0.9 -120( 5.4 -325( 16 -19.7( 1.0

SG2-SC2
10 mM Mg2+ (pH 7.0) -167( 8.3 -456( 23 -25.9( 1.1 -77.7( 3.4 -202( 10 -15.0( 0.4

FIGURE 5: Characterization of the single-stranded G-rich oligo-
nucleotides. (a) CD spectra in 100 mM Na+ at pH 7.0 for SG1
(O), SG2 (+), and SG3 (1). (b) CD melting curves of SG1 at 295
nm (O), SG2 at 268 nm (+), and SG3 at 295 nm (1) in 100 mM
Na+ at pH 7.0. (c) Native PAGE images of G-strands in 100 mM
Na+ buffer (pH 7.0) at 4 V/cm and 4°C. Lanes 1-4 contain the
single-stranded marker (T21), SG1, SG2, and SG3, respectively. The
positions of the single strand (ss) and G-quadruplex (G) are
indicated.
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from SC1 only in the two-residue replacements from A to T
in the loop region. As pH decreased from 7.0 to 5.5, a distinct
red-shift of the positive peak from 276 to 288 nm occurred
in CD spectra for SC1, which can be attributed to the pH-
dependence of the I-motif structure (52). In contrast, SC2
showed a slight red-shift of the CD bands as pH decreased
(Figure S5 in the Supporting Information). At pH 5.5, the
mobility of SC2 in the PAGE was lower than that of SC1,
while the transition temperature of SC2 (42°C) was slightly
higher than that of SC1 at 39°C (Figure S6 in the Supporting
Information). This suggests that residue replacement in the
loop may not influence the stability of the I-motif as
significantly as that of the G-quadruplex.

Figure 6a shows the UV melting curves of the three-
stranded systems SC2-SG1-SC1 and SC3-SG1-SC1 at
10 mM Mg2+ and pH 5.5. A clear biphasic transition
appeared in the thermal denaturation profile of the mixing
system of SC2 and SG1-SC1, in which the lower transition
temperatures were independent of the species concentration,
unlike the concentration-dependence of the higher transition
temperatures. Additionally, comparing the excess heat capac-
ity profile of the single-stranded SC2 with that of the three-
stranded (as shown in Figure 6b) suggests that in the three-
strand SC2-SG1-SC1 system the lower-temperature struc-
tural transition was due to dissociation of the self-associated
I-motif formed by single-strand SC2 itself, and the higher-
temperature transition corresponds to dissociation of the
SG1-SC1 duplex. As for the other three-strand system,
SC3-SG1-SC1, both the UV melting curves and a small
peak at 26°C in the DSC profile indicated less triplex
formation.

These experimental results demonstrate that it is difficult
for the heteropurine/pyrimidine, SG1-SC1, to obtain a stable
triplex formation according to the well-known and distinct
patterns of triplexes, that is, pyr× pur‚pyr and pur× pur‚
pyr triplexes. However, the data enlighten us on the important
influence of the loop residues on structural competition
between the G-quadruplex, the I-motif, and the duplex.
Combined with the results of duplex formation in the mixture
of the G-quadruplex and the I-motif including SG1-SC1
and SG2-SC2, this reveals that the loop residue context of
the DNA sequence plays a role, not only in the stability of
the self-associated G-quadruplex and the I-motif but also in
formation of the duplex and in the structural competitive
equilibria. Consequently, the loop residue context might be
an important factor determining the conservative property
of the telomere DNA sequences in the long process of
evolution.

CD Stopped-Flow Kinetics and Rate-Limiting Step of the
Duplex Formation.The kinetics of the interaction between
the SG1 G-quadruplex and the SC1 I-motif was measured
by a series of CD stopped-flow experiments in 100 mM Na+

buffer at pH 7.0 and pH 5.5. Equimolar concentrations of
SG1, potentially forming the G-quadruplex, and SC1,
potentially forming the I-motif structure, were mixed. After
rapid mixing of equal volumes of 50µM SG1 solution and
50 µM SC1 solution, the self-associated structures, such as
the G-quadruplex and the I-motif, started to be dissociated
and then the unstructured SG1 and SC1 would form the
Watson-Crick duplex. Comparing the CD spectra of the
single-stranded SG1 and SC1 and the double-stranded SG1-
SC1 in 100 mM Na+ buffer at pH 7.0 with those at pH 5.5
(as shown in Figure S7 in the Supporting Information), it
was reflected that the dynamic transition traces observed at
the wavelength 295 nm for pH 7.0 and at the wavelength
288 nm for pH 5.5 would provide clearly the structural
transitions that occurred in the cell after mixing. Although
the G-quadruplex of SG1 had a typical band at 295 nm and
the I-motif had a typical band at 288 nm at pH 5.5, the
dynamic transition traces observed at 295 nm could reflect
not only the unfolding of the G-quadruplex of SG1 for the
mixing at pH 7.0 but also the association of the Watson-
Crick duplex during the mixing. Similarly, both the unfolding
of the I-motif of SC1 and the association of the duplex were
reflected by the dynamic transition traces observed at 288
nm for the mixing at pH 5.5. In our stopped-flow experi-
ments, dynamic transition traces were monitored by observ-
ing the CD intensity at the wavelengths corresponding to
the typical bands of the G-quadruplex, the I-motif, and the
duplex. The observed rates calculated from the time courses
were proved to be independent of the monitored wavelength
in every kinetic experiment (data not shown). Parts a and b,
respectively, of Figure 7 show the kinetic traces in pH 7.0
and pH 5.5 buffer at 20°C, as well as the corresponding
fitting curves with a single-exponential function. The reaction
at pH 7.0 rapidly reaches an equilibrium, that is, in less than
2000 s, whereas even after 3 h the time course shows that
the reaction rate at pH 5.5 is still changing slowly. The
observed rate at pH 7.0 was determined askobs(7.0)) (8.06
( 0.4) × 10-3 s-1, while the observed rate at pH 5.5 was
kobs(5.5) ) (8.43 ( 0.2) × 10-4 s-1.

The kinetic analysis provides insights into the mechanism
of competition between the G-quadruplex, the I-motif, and

FIGURE 6: (a) UV melting curves for the three-stranded systems
targeting the duplex SG1‚SC1 (solid line) in 10 mM Mg2+ at pH
5.5, with a third strand of SC2 (4) or SC3 (O). (b) Excess heat
capacity profiles vs temperature for the three-stranded SC2-SG1-
SC1 (4) and SC3-SG1-SC1 (solid line) and for the single-
stranded SC2 (dotted line) in 10 mM Mg2+ at pH 5.5.
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the WC duplex. The best fit to a single-exponential function
for the data at pH 7.0 is consistent with eq 4, reflecting the
dissociation of the SG1 G-quadruplex as the rate-limiting
step for duplex formation in the mixture of SG1 and SC1.
This is reasonable because of the fast association rate of the
duplex and the unstable I-motif structure at pH 7.0 (52). For
pH 5.5, the observed rate was only about one tenth of that
at pH 7.0. The stability of the SC1 I-motif at pH 5.5 is
comparable to that of the G-quadruplex SG1 (40), so that
the dissociation rate of both the SG1 G-quadruplex and the
SC1 I-motif might be very slow at pH 5.5. Additionally, a
slow nucleation process induced by an electrostatic repulsion
between the contiguous protonated cytosines, which is
unfavorable for the formation of C+‚G base pairing (53),
might be a reason for the slow reaction rate under acidic
conditions. Recently, Phan and Mergny (54) presented a
NMR study of duplex formation from the G-quadruplex
dAG3(T2AG3)3 and the I-motif d(C3TA2)3C3T that also
showed a very low formation rate of the duplexsonly a very
small amount of the duplex formed after 26 h at pH 5.0 and
0 °C, although further investigation is still needed in order
to explore in detail the mechanism of competition between
the G-quadruplex, the I-motif, and the WC duplex.

We further investigated the temperature-dependency of the
observed rate in the temperature range from 37 to 5°C at
both pH 7.0 and pH 5.5. Figure 7c shows the plots of lnkobs

versus the reciprocal of temperature. According to the
Arrhenius equation,kobs ) k0 exp(-Ea/RT), the apparent
following activation energiesEa were determined:Ea ) 24.3
kcal mol-1 K-1 at pH 7.0, andEa ) 19.0 kcal mol-1 K-1 at
pH 5.5. As the temperature rose, the observed rate at pH
7.0 increased faster than that at pH 5.5. For example, at 37
°C, kobs(7.0) was 0.0291 s-1, while kobs(5.5) was 0.00837 s-1.
The increase in the observed rates with the increase in
temperature accords with the relationship of the dissociation
rate of structured DNAs as a function of temperature;
however, the difference between the apparent activation
energy at pH 7.0 and that at pH 5.5 indicates that the I-motif
indeed influences WC duplex formation in the mixture of
the single-stranded structured DNAs.

Biological Implications.The results presented here imply
that cation species, pH, and sequence context influence the
structural competitive equilibria in the mixture of the
G-quadruplex and the I-motif. The determinant effect of pH-
dependent C-rich DNA sequences on the mechanism of
structural competition points to a possible biological role for
the I-motif in modulating DNA structures in vivo and may
lead to the understanding of the intrinsic principles of
molecular biological regulation in regard to the more acidic
intracellular pH in cultured cancer or virus-transformed cells
(55).

Our present investigation of the mechanism of structural
competition between the G-quadruplex, the I-motif, and the
duplex is also crucial for explaining the increasing number
of reports that indicate that certain repetitive G-rich sequences
adopt noncanonical base pairings, other than WC pairings,
with their relevant complements. For instance, Hardin and
co-workers (27) observed a reversible equilibrium between
a Watson-Crick hairpin and a parallel intermolecular
quadruplex. Miura and Thomas (28) and Deng and Braunlin
(29) reported that a B-form duplex DNA was able to
interconvert to intermolecular G-quadruplex structures under

certain cation concentrations. Manzini et al. (30) observed
that quadruplex structures were stable enough to postpone
or prevent the formation of the WC duplex in an equimolar
mixture of dAG3(T2AG3)3 and d(C3TA2)3C3T at acidic pH.
Lacroix and Mergny (31) proved that the I-motif was a

FIGURE 7: Kinetic time course obtained upon mixing equimolar
concentrations of SG1 and SC1 in 100 mM Na+ at 20°C and (a)
pH 7.0 or (b) pH 5.5. (a) The time courses at pH 7.0 were monitored
at 295 nm (gray dots in the bottom panel). The solid line shows
the best fit of the experimental data to a single-exponential function,
giving kobs ) (8.06( 0.4)× 10-3 s-1. The residuals for the fit are
shown as the black curve in the upper panel. (b) The time courses
at pH 5.5 were monitored at 288 nm (gray dots in the bottom panel).
The solid line shows the best fitting of the experimental data to a
single-exponential function, givingkobs) (8.43( 0.2)× 10-4 s-1.
The residuals for the fit are shown with the black curve in the upper
panel. (c) Plots of the observed rates vs the reciprocal of temperature
at pH 7.0 (+) and pH 5.5 (b). In terms of the equationkobs ) k0
exp(-Ea/RT), Ea values were determined as follows:Ea ) 24.3
kcal mol-1 K-1 at pH 7.0, whileEa ) 19.0 kcal mol-1 K-1 at pH
5.5.
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competing structure for triplex formation at acidic pH. Ito
et al. (56) reported a clear structural competition between
the duplex and the G-quadruplex in the mixture dG5T5 and
dA5C5. In addition, our data regarding the interaction between
SG3 and the duplex SG1-SC1 are relevant for the proposed
“t-loop” for telomere ends in mammalian cells, in which the
telomeric duplex loops back on itself and the 3′-G strand
extension displaces one strand of the duplex (57).
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the related three-strand systems, UV melting curves for these
three-strand systems, plots of melting temperature against
the species concentrations, the mobilities in the PAGE and
the transition temperature, and CD spectra of the single-
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in 100 mM Na+ buffer at pH 7.0 and at pH 5.5, and text
describing the effects of the duplex fraction on the values
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